Oscillatory tunneling magnetoresistance (TMR) as a function of spacer thickness is investigated theoretically for a magnetic tunnel junction with a nonmagnetic layer inserted between the tunnel barrier and the ferromagnetic layer. TMR is characterized in an analytical form, that is expressed with the transmission and reflection amplitudes of single interfaces at the Fermi level, and by the extremal wave vectors. Electronic structures with multiple bands are taken into account in the derivation characterizing the TMR, and the proposed analytical expression can be directly applied to real junctions. Based on our model, the features of TMR dependence on spacer thickness are discussed, including selection rules for the oscillation period. Numerical calculations are performed using an envelope-function theory for several cases, and we show that our model is in good agreement with the exact result.
I. INTRODUCTION
Since high tunneling magnetoresistance (TMR) was first observed at room temperature, 1 magnetic tunnel junctions (MTJs) have been a focus of interest. Extensive research has been carried out to understand and improve the properties of MTJs. A huge increase in TMR with lower junction resistance was achieved when AlO x tunnel barriers were replaced by MgO, and this was followed by realizations of memory devices based on MTJs with MgO barriers.
2 Tunneling current in the MTJ is spin polarized, which adds another dimension to the tunneling effect, and scientific attention has thus been drawn to the spin-dependent tunneling phenomenon. When a nonmagnetic (NM) layer is inserted between a ferromagnetic (FM) layer and the insulating (I) tunnel barrier of the MTJ, the spin polarization of the tunneling current changes and the TMR is directly affected. An early theoretical work predicted the oscillatory TMR as a function of the NM thickness due to the quantum well states inside the NM layer. 3 In sputtered samples, it has been shown that an NM layer between the tunnel barrier and FM layer could be detrimental to TMR, and the TMR decreases as a function of NM thickness. 4, 5 These experimental results have been explained theoretically with a free electron model, and the decay of TMR was attributed to a loss of coherence in the electron propagation. 6 Different experimental results have been obtained for a crystalline NM layer inserted between the tunnel barrier and the FM layer. Yuasa et al. 7 experimentally investigated the dependence of TMR on Cu thickness in NiFe/AlO x /Cu/Co junctions with samples grown by molecular beam epitaxy. They found that the TMR decayed but oscillated as a function of Cu thickness. The oscillation period was determined by the nesting feature of the Cu Fermi surface. This oscillatory TMR has been investigated theoretically based on a single-band tight-binding model, a free-electron model, and fullband calculations. [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] Many features have been explained with calculations using simple models, but direct comparisons with the experimental data are difficult because realistic electronic structures were not considered. The full-band calculations are very useful for the description of real systems. However they are time consuming, and sometimes it is not easy to understand the underlying physics. Furthermore, full-band calculations are usually carried out for an ideal situation, and significant discrepancies often occur between theory and experiments.
We introduce an analytical expression that describes the dependence of TMR on NM thickness for FM/I/NM/FM junctions based on full-band structures. Our approach uses the generalization of a previously described single-band case 19 to a multiple-band case that considers the real materials. The TMR is expressed with transmission and reflection amplitudes of single interfaces at the Fermi level, and extremal wave vectors. The full-band structures of the materials are taken into account in our proposed model, and the calculation of several transmission and reflection amplitudes with real band structures can make a direct comparison with experimental results possible. Based on our model, selection rules for the oscillation period are discussed, and we suggest that very few oscillation periods will be observed in experiments even when there are many extremal spanning vectors of the NM Fermi surface. This situation is very different than the interlayer exchange coupling in magnetic multilayers. Our model explicitly shows that TMR dependence on NM thickness is affected by the thickness of the tunnel barrier, and predicts that the TMR will go to zero as the NM thickness increases. To check the validity of our model, we carried out numerical calculations using an envelope-function theory for several cases including NM material with a Fermi surface similar to the Cu(001) case. Although our model is calculated using the parameters at the Fermi level and the extremal wave vector, it is in good agreement with the exact numerical results. is denoted as ε, k , k
for a given energy ε and k , where k z is the z component of the wave vector, n is the band index, σ is the spin index, and the + (−) sign is for the state traveling to the right (left). Similarly, the bulk solutions of the FM(R) and NM materials are expressed as ε, k , k
and ε, k , k
, respectively. Multiple bands are taken into account, and 2N L(R)σ is the number of bulk states in the left (right) FM layer for a given ε, k , and spin σ. The number of bulk states in the NM layer for a given ε and k is denoted as 2N N . The eigenstate of the MTJ is written as
where v z is the z-component of the group velocity [v z = (1/ )(∂ε/∂k z )] for the corresponding bulk eigenstate, and A ± nσ , C ± nσ , and B ± nσ are coefficients to be determined from the boundary conditions. Note that the bases in Eq. (1) are adjusted so that the current is normalized.
The eigenstate inside the tunnel barrier is not shown here. We define vectors A ± σ and B 
Matrix element t σ,nn ′ (r σ,nn ′ ) is a kind of transmission (reflection) amplitude for an incoming wave from the left ε, k , k
z,nσ ). The transmission (reflection) amplitude for the opposite direction is given by t ′ σ,nn ′ (r ′ σ,nn ′ ). We calculated the conductance G for low bias and zero temperature from the LandauerBüttiker formalism as follows
where ε F is the Fermi energy. As shown in Figs 
where A L± nσ and C L± nσ are coefficients. We define
T , and the relation between the coefficients is expressed as
Similarly, for the NM/FM interface shown in Fig. 1(c) , the eigenstate is given by
The vectors
r and t of the MTJ in Eq. (2) can be expressed with r L , t L , r ′ L , and t ′ L in Eq. (5) and r R , t R , r ′ R , and t ′ R in Eq. (7) by considering the multiple reflection inside the NM. We introduce the mean free path λ due to scattering inside the NM layer. For simplicity, we assumed that λ is constant, although the dependence of λ on other parameters can be included in our calculation. Then, the phase-coherent part of the reflection amplitude r c is given by
where the matrix elements ρ and taking the first-order term in e −2d/λ , we obtain
Even when λ is very large, this is a reasonable approximation because the magnitude of the matrix element r R σ,nn ′ is less than 1, and the higher-order terms are more rapidly oscillating as functions of d and consequently contribute less to the conduction. The conductance is given by
where G 0 is the conductance of the FM(L)/I/NM junctions and the energy is set to the Fermi level (ε = ε F ). The conductance depends on the magnetic configurations, and we denote the conductance for parallel (anti-parallel) magnetization of two magnetic layers as G P(AP) . The TMR is given by ∆G/G AP , where ∆G is ∆G = G P − G AP . Here, we will show the calculation of ∆G, and G P(AP) − G 0 can be obtained in the same way. We
and ∆r
, where ↑ (↓) is the majority (minority) spin. ∆G is expressed as ∆G = 4e
where q nn ′ and φ nn ′ are q nn ′ = k
The summation over k can be performed in a manner similar to the calculation of the interlayer exchange coupling in magnetic multilayers. 21, 22 ∆T L nn ′ and e iq F nn ′ d are rapidly changing as functions of k . We assume the exponential dependence of ∆T
Suppose that (k αx , k αy ) is an extremal point, which means
Since the main contribution to the integral comes from the vicinity of the extremal point, we expand
around the extremal point as follows
where new parameters
are evaluated at ε = ε F and k = (k αx , k αy ). Then, the summation over k is carried out analytically and ∆G is given by
where n α is the number of the extremal points of the same kind. The phase of the square root is taken from −π/2 to π/2. The parameters in Eq. (13) This is expected to happen often at k = 0 due to symmetry. In this case, k αx and k αy are real and ∆G becomes
where we used r because it is not eliminated by the interface roughness. Although we discussed the case that the tunneling is dominated by perpendicularly incident electrons, the analysis is similar when the tunneling probability is maximum or high away from k = 0. If the dependence of the tunneling probability on k changes with a different tunnel barrier, the TMR dependence on the NM spacer will be altered accordingly. Still, the crucial criterion is whether the tunneling probability is significant or not at the point of the extremal spanning vectors of the NM Fermi surface in the k space. Except special points, the chances are that the point of the maximum tunneling probability does not coincide with the position of the extremal spanning vectors of the NM Fermi surface in the k space. Thus many oscillations inferred from the NM Fermi surface would not be observed. When the tunnel barrier is extremely thin, the situation can be much different because the tunneling probability dependence on k may change significantly. More oscillation periods can be observed with thinner tunnel barriers. Even in this case, the oscillation periods associated with relatively high tunneling probability will be observed. In experiments, the TMR oscillation decays much faster than 1/d, which seems to be due to scattering. As the NM thickness increases, our model predicts that ∆G and TMR go to zero even when the mean free path (λ) is very long.
We will address this point in Sec. IIIC.
III. NUMERICAL CALCULATION WITH AN ENVELOPE-FUNCTION THE-ORY
To test the validity of our model, we carried out numerical calculations based on an envelope-function theory for several cases. We used the same material for FM(L) and FM(R), and ignored scattering. The continuity of the wave function and the conservation of current at the interface were taken as the boundary conditions.
A. Effective-mass approximation 
B. Spacer with nonparabolic dispersion relation
Second, to investigate the case of the multiple extremal spanning vectors in the NM layer, we assumed the following effective dispersion relation for the NM layer:
where the constant a is set to a = 0.68. Except for the NM layer and b = 1.5 nm, the dispersion relations and parameters for the FM and tunnel barrier are the same as in the previous case. The effective mass and k z in the NM layer were determined using Eq. (15).
In Fig. 4(a) , the cross section of the Fermi surface for bulk NM is plotted as a function of k . There are two kinds of extremal spanning vectors : one at k = 0 and the other at Fig. 4(b) . The solid line is the exact calculation and the dotted line is based on Eq. (14) . The agreement is fairly good, and only oscillation with a long period was observed. For the analytical model calculation, we included only the extremal spanning vector at k = 0 and ignored the contribution from the extremal point at k = 0.68k F . This is because the tunneling probability decreases rapidly away from k = 0 and the spin asymmetry of the transmission coefficient (|t
very small at k = 0.68k F . The observed behavior clearly shows that even though there are two possible periods of the TMR oscillation from the Fermi surface of the NM, only the period with significant spin asymmetry of the transmission coefficient would survive. The case of multiple extremal spanning vectors in the NM layer is also described well by our analytical formula.
C. Tunnel barrier with nonparabolic dispersion relation
Third, we studied the case that the point for the maximum tunneling probability does not coincide with the position of the extremal spanning vector of the NM Fermi surface in k space. We assumed that the dispersion relation of the tunnel barrier is given by
where V B is the bottom energy of the tunnel barrier, V is an energy parameter, and k F is the magnitude of the Fermi wave vector for the NM material. With this tunnel barrier, the tunneling probability is highest at k = (ak F , ak F ). For the calculation, we used b = 1.5 nm, (16) is an imaginary number (k z = iκ). We used a parabolic function of κ which was expanded in a Taylor series around k = (ak F , ak F ). The calculation became much simpler, and the extremal point and the corresponding vector q α in Eq. (13) vector. Many oscillation periods can be inferred from the shape of the NM Fermi surface, but they can be observed only when the corresponding spin asymmetry of the transmission coefficient is significant. We suggest that only few oscillation periods are likely to be observed in real experiments. When the NM spacer is thin, our proposed model indicates that the decay of the TMR was slower than the inverse of the space thickness for coherent transport.
Numerical calculations were performed to investigate the accuracy of the proposed formula. An envelope-function theory was adopted, and our model was compared to the exact result. We showed that the results of the proposed formula are in good agreement with the exact calculations. The TMR dependence on the thickness of the NM spacer was affected by the tunnel barrier thickness, which was well described by our formula. The numerical calculation was extended to the case with multiple extremal spanning vectors in the Fermi surface of the NM spacer. Our proposed formula is in good agreement with the exact result, and only the oscillation period with significant spin asymmetry of the transmission coefficient was observed as predicted using our formula. When the tunneling probability associated with each extremal spanning vectors of the NM Fermi surface is low, the TMR decays very fast as the NM thickness increases. A free-electron case was also considered. The NM band was assumed to be the same as the majority spin band of the FM layer, and spin-splitting in the FM layer was assumed to be rather large. The TMR approached a finite value as the NM thickness increased. This was because a large portion of electrons with the majority spin in the left FM layer were reflected completely at the right NM/FM interface. When the semi-infinite FM layer on the right side was replaced by a finite layer, the TMR decayed to zero as the NM thickness increased. As long as the transmission into the FM layer was higher than that through the tunnel barrier, the TMR became zero as the thickness of the NM spacer increased. We suggest that finite TMR for the infinite NM spacer is unrealistic in real experiments. 
